Electrical impedance tomography can monitor dynamic hyperinflation in dogs. J. Appl. Physiol. 84(2): 726-732, 1998.-We assessed in eight dogs the accuracy with which electrical impedance tomography (EIT) can monitor changes in lung volume by comparing the changes in mean lung conductivity obtained with EIT to changes in esophageal pressure (Pes) and to airway opening pressure (Pao) measured after airway occlusion. The average volume measurement errors were determined: 26 ml for EIT; 35 ml for Pao; and 54 ml for Pes. Subsequently, lung inflation due to applied positive endexpiratory pressure was measured by EIT (⌬V EIT ) and Pao (⌬V Pao ) under both inflation and deflation conditions. Whereas ⌬V Pao was equal under both conditions, ⌬V EIT was 28 ml greater during deflation than inflation, indicating that EIT is sensitive to lung volume history. The average inflation ⌬V EIT was 67.7 Ϯ 78 ml greater than ⌬V Pao , for an average volume increase of 418 ml. Lung inflation due to external expiratory resistance was measured during ventilation by EIT (⌬V EIT,vent ) and Pes (⌬V Pes,vent ) and at occlusion by EIT (⌬V EIT,occl ), Pes, and Pao. The average differences between EIT estimates and ⌬V EIT,occl were 5.8 Ϯ 44 ml for ⌬V EIT,vent and 49.5 Ϯ 34 ml for ⌬V EIT,occl . The average volume increase for all dogs was 442.2 ml. These results show that EIT can provide usefully accurate estimates of changes in lung volume over an extended time period and that the technique has promise as a means of conveniently and noninvasively monitoring lung hyperinflation.
VENTILATED PATIENTS suffering from high expiratory airway resistance may become dynamically hyperinflated if there is insufficient time to expire before the onset of the next inspiration. In the intensive care unit (ICU), various monitoring strategies are used to estimate the degree of dynamic hyperinflation (DH) so as to effectively manage patients. It has been shown that the information obtained from cardiopulmonary monitoring procedures affects decisions concerning treatment (17, 23) and can decrease mortality rates by 50-80% in certain patients (9) . Presently, measuring DH in ICU patients is problematic and requires either an esophageal balloon or end-expiratory airway occlusion (16) . Neither of these techniques is entirely satisfactory, being either somewhat invasive or requiring a maneuver that interferes with normal breathing. Furthermore, neither technique gives any information about the site of obstruction in the lungs.
Electrical impedance tomography (EIT) can serve as a technique for monitoring lung volumes that potentially overcomes many of these disadvantages. EIT calculates a cross-sectional image of the change in conductivity distribution in a body from electrical measurements made at a series of electrodes placed around it. Because air is significantly less conductive than the other tissues in the thorax, changes in lung volume (⌬VL) induce marked changes in the conductivity distribution of the thorax and can be imaged by EIT. Additionally, EIT is noninvasive, uses current levels 1/10 of the threshold for cutaneous perception (8) , and is minimally cumbersome because the use of thoracic electrodes allows the airway to remain unobstructed and so does not restrict access to the lungs. EIT also produces an image of the lungs from which regional inhomogeneities can be determined and is able to monitor continuously, with sampling frequencies up to 25 images/s (10, 24) .
To assess EIT for pulmonary monitoring in the ICU, it is necessary to determine the precision with which it can measure DH. Therefore, in this study we determined the accuracy with which EIT measured changes in lung inflation in anesthetized, paralyzed dogs, in which independent determinations of ⌬VL could be made with the greatest precision. We produced volume changes by applying positive end-expiratory pressure (PEEP) and by using an external expiratory resistance. Lung volume estimates by EIT were compared with those calculated from airway opening pressure (Pao) during airway occlusion and from measurements of esophageal pressure (Pes).
METHODS
Experimental procedures. All procedures were reviewed and approved by the Animal Ethics Committee of McGill University. Experiments were performed on eight mongrel dogs (7 of which weighed 22 Ϯ 2 kg, and 1 weighed 6.8 kg).
The dogs were anesthetized with an intravenous bolus of pentobarbital sodium (25-30 mg/kg) and maintained by additional bolus injections of 130 mg hourly. A rigid cannula (20 mm inner diameter) was inserted into the trachea and connected to a Harvard volume ventilator (model 618, Harvard Apparatus, South Natick, MA). The expiratory line of the ventilator was connected to an adjustable water trap that applied a set level of PEEP. Pao was measured via a side tap at the tracheal cannula, and Pes was measured with an esophageal balloon catheter. Pressure measurements were made with a piezo-resistive pressure transducer (Fujikura FPM-02PG, Servoflo, Lexington, MA). The dogs were ventilated while in a supine position.
EIT data were acquired with custom-designed equipment (21) that allows data sets to be acquired at 16 electrodes with rates of 5 frames/s. Dogs were shaved around the chest, and electrodes were spaced evenly around the thorax at the midsection of the lungs. Needle electrodes, constructed by soldering wires to 2.5-cm 21-gauge needles (Fisher Scientific, Nepean, ON), were inserted subcutaneously, parallel to the skin (good results are obtained in humans with conventional electrocardiogram-type electrodes, but in dogs the thick fur necessitates the use of needle electrodes even after close shaving). Figure 1 is a diagram of the configuration used. EIT data were acquired by successively applying a low-amplitude alternating current (300 µA at 10 kHz) across each pair of electrodes and measuring the voltage difference produced between each remaining pair of electrodes. The set of voltage measurements from all electrodes for current injection at all electrode pairs forms one EIT data set. These data were sent to a computer that calculated a cross-sectional image of the change in the conductivity distribution in the thorax between the taking of any two data sets, using our imaging algorithm (2) .
⌬VL were calculated from the image of the conductivity change between a data set of interest and a reference data set. A reference data set was taken by stopping the ventilation, removing any applied PEEP, allowing the animal to passively expire for 5 s, and then continuously acquiring EIT data for 10 s and ensemble averaging the measured data sets. The EIT images of ⌬VL with respect to the reference data set can thus be considered to represent the volume level above functional residual capacity (FRC). Three different reference data set protocols were used: 1) sets taken immediately after the experimental protocol, 2) sets taken 3 min previously, and 3) sets taken between 30 and 60 min previously. A reference level of Pes was acquired at the same time as the EIT reference.
A region of interest (ROI) surrounding the lung was selected, and image pixels in the region were summed. The ROI encompassed ϳ75% of the image. Exclusion of image pixels in the heart region and those near the body surface reduces the contribution of cardiac activity to volume measurement and that from artifacts due to electrode movement and postural change (3) . Data sets acquired during an interval of interest were ensemble averaged to eliminate the effect of cardiac activity and to reduce the measurement noise.
The EIT images and both Pao and Pes were calibrated to lung volume above FRC. First, the lungs were twice inflated to 3 kPa, after which the ventilation was stopped, the dog was allowed to expire to FRC, and a reference EIT data set was acquired. Then, three different gas volume levels were introduced into the lungs in a stepwise fashion by using a large syringe, during which period EIT data were continuously acquired. The average value of the pixel sum in the ROI of the EIT image and Pao and Pes were determined at each lung volume. This protocol was repeated for lung volumes of 50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, and 1,000 ml (the order of volume levels was randomized). Finally, a calibration factor between the imposed ⌬VL and the changes in Pao and Pes, and the pixel sum of the EIT image ROI were calculated by linear regression. Subsequently, these calibration factors were used to calculate the volume estimates: ⌬V Pao was calculated from Pao, ⌬V Pes was calculated from Pes, and ⌬V EIT was calculated from the pixel sum in the EIT image ROI. Calibration factors were calculated for each animal.
Inflation response to applied PEEP. ⌬V EIT and ⌬V Pao , as a function of the applied PEEP, were measured in eight dogs. Figure 2 illustrates the protocol used and shows an airway Fig. 1 . Block diagram of electrical impedance tomography (EIT) system used. A current of 300 µA at 10 kHz is injected across a pair of electrodes, while voltage differences produced are measured at all other electrode pairs. Process is then repeated for all patterns of current injection and measurement to form 1 EIT data set, which is then sent to the computer, where image of change in conductivity distribution between the taking of 2 data sets is calculated. http://jap.physiology.org/ pressure trace from one animal. To study the effect of differences in lung pressure-volume (PV) history on the volume estimates by EIT and Pao, measurements were made on both the inflation and deflation paths. Initially, volume history was normalized by two inflations to 3 kPa, after which the dog was allowed to expire to the applied PEEP level while being ventilated for 60 s. Ventilation was then stopped, and the dog allowed to expire against the applied PEEP for 15 s while EIT data were continually acquired. The volume estimates for the deflation path, ⌬V EIT,defl and ⌬V Pao,defl , were calculated from the ensemble averages of the acquired data during this period. Subsequently, the dog was ventilated without PEEP for 60 s, after which the same level of PEEP was reapplied. Again, ventilation was stopped and the dog was allowed to expire against PEEP for 15 s while data were acquired, from which the volume estimates for the inflation path, ⌬V EIT,infl and ⌬V Pao,infl , were calculated. This protocol was repeated for PEEP levels of 0.3, 0.5, 0.7, 1.0, and 1.2 kPa.
Inflation response to expiratory resistance. ⌬V EIT and ⌬V Pao due to increased expiratory resistance were measured in four dogs. Figure 3 illustrates the protocol used and shows an airway pressure trace from one animal. Volume history was normalized by two inflations to 3 kPa, only one of which is shown in Fig. 3 , and the animal was ventilated normally for ϳ60 s, and then a linear-resistive element was fixed to the expiratory tube for 140 s. EIT data were acquired continuously during the last 30 s of this period. The airway was then occluded, ventilation was stopped, and EIT data were acquired for 15 s. This protocol was repeated four to six times with different resistances.
Volume estimates were obtained in two different ways. 1) The volume estimates at occlusion measured by EIT (⌬V EIT,occl ), Pao (⌬V Pao,occl ), and Pes (⌬V Pes,occl ) were calculated from the ensemble average of data acquired at occlusion.
2) The volume estimates during ventilation measured by EIT (⌬V EIT,vent ) and Pes (⌬V Pes,vent ) were calculated by acquiring data for 30 s, generating a volume estimate for each data set and averaging the lowest 10% of the values. The figure of 10% was chosen to keep enough data sets to provide some immunity to measurement noise while excluding data sets that are far from end-expiratory lung volume.
Finally, in one dog, to assess how EIT images give information about the distribution of ventilation between the lungs, one lung was blocked by inserting a plug into the left main stem bronchus, and the images were compared with those obtained before blockage. Figure 4A shows an image in a cross section of the thorax of the conductivity change due to a volume increase of 500 ml from FRC. The grey-scale level corresponds to the magnitude of conductivity change. Dark areas indicate decreasing conductivity, light areas indicate increase, and neutral grey indicates no conductivity change. The two areas of decreasing conductivity correspond to the lungs. It was possible to see two clearly defined lung regions in all dogs.
RESULTS
The location of the maximum conductivity change was identified by selecting all image pixels greater than one-half of the maximum image pixel value and calculating the center of gravity (CG) with respect to the center of the thorax. CG values in the lateral and anterior-posterior (AP) dimensions were calculated as a percentage, where zero indicates the center of the thorax, 100% indicates the front or right surface, and Ϫ100% indicates the back or left. The average values for all dogs for a ⌬VL of 800 ml were calculated: the EIT image CG in the lateral dimension was Ϫ6.2 Ϯ 8%, which is roughly the center and indicates that the conductivity changes in each lung were equal, whereas the CG in the AP dimension was 29.7 Ϯ 4%, indicating a significant displacement of maximum conductivity change toward the front of the animal. The AP dimension of the CG decreased with increasing ⌬VL by 1.8 Ϯ 0.5% for each 100-ml change. Figure 4B shows the conductivity change image due to a 400-ml volume increase in the animal with the blocked left lung. The image clearly shows most of the conductivity change on the right side. The CG in the lateral dimension averaged over tidal volumes from 50 to 600 ml was 18.9 Ϯ 14%.
The volume estimates ⌬V EIT , ⌬V Pao , and ⌬V Pes as a function of time during a calibration protocol in one dog are shown in Fig. 5 . At time ϭ 0 s, the ventilation is stopped and the dog is allowed to passively expire to FRC. Volume steps to 50, 500, and 900 ml above FRC Fig. 3 . Protocol used to measure inflation response to expiratory resistance. Top and middle: defined as in Fig. 2 ; bottom: application of expiratory resistance (Resist). Volume estimate measured by EIT at ventilation (⌬V EIT,vent ) was calculated at Acq 1, and volume estimate measured by EIT at occlusion (⌬V EIT,occl ) was calculated at Acq 2. Acq 3 is reference EIT data set. Fig. 4 . A: representative EIT image of change in conductivity distribution in a cross section of dog's thorax due to a change in lung volume (⌬VL) of 800 ml. B: EIT image of change in conductivity distribution due to a ⌬VL of 400 ml in a cross section of dog's thorax, in which left main stem bronchus was plugged. Magnitude of conductivity change is indicated by gray scale contrast. Neutral gray regions, areas that did not undergo conductivity change; dark areas, reduction in conductivity; light areas, increase in conductivity.
are then introduced, after which the dog is again allowed to expire to FRC. Figure 6 shows the mean and standard deviation (SD) values of ⌬V EIT , ⌬V Pao , and ⌬V Pes as a function of ⌬VL for all dogs measured during the calibration protocol. This linear relationship between the measurements and ⌬VL was seen in all animals. The average correlation coefficient between ⌬VL and both ⌬V EIT and ⌬V Pao was 0.996 Ϯ 0.002, whereas for ⌬V Pes it was 0.986 Ϯ 0.007.
We calculated the measurement error as the SD of the difference between the various volume estimates and the syringe volume. By using calibration data for all animals, we found that the average measurement error was 26.2 ml for ⌬V EIT , 34.7 ml for ⌬V Pao , and 53.6 ml for ⌬V Pes .
Inflation response to applied PEEP. The relationship between PEEP and the change in volume measured by each technique is essentially linear and can be described by the compliance, C, for each dog for both EIT and Pao measurements, under inflation and deflation conditions. Thus, for example, the deflation compliance by EIT (C EIT,defl ) is calculated by finding the linear regression fit between ⌬V EIT,defl and the applied PEEP.
The following values were calculated (in units of ml/kPa Ϯ SD): C EIT,defl : 683 Ϯ 199; C EIT,infl : 647 Ϯ 193; C Pao,defl : 563 Ϯ 157; C Pao,infl : 559 Ϯ 157; C Pes,defl : 621 Ϯ 147; and C Pes,infl : 598 Ϯ 139. The two C Pao values for each dog were very similar: the average ratio between C Pao,defl and C Pao,infl was 1.003 Ϯ 0.013. Figure 7 shows ⌬V EIT as a function of ⌬V Pao for all dogs, for both the inflation and deflation measurements. On average, ⌬V EIT,defl overestimated ⌬V Pao by 95.8 Ϯ 84 ml, and ⌬V EIT,infl overestimated ⌬V Pao by 67.7 Ϯ 78 ml. The average value of ⌬V Pao for all dogs was 416.1 ml.
To evaluate the ability of EIT to calculate the conductivity change between data sets taken at various times, we recalculated ⌬V EIT,infl by using two different reference data sets: 1) those taken 3 min previously (⌬V EIT,infl,ref 3 ) and 2) those taken at least 30 min previously (⌬V EIT,infl,ref 30 ). The average ⌬V EIT,infl,ref 3 to-⌬V EIT,infl,ref 0 ratio calculated for all dogs was 1.02 Ϯ 0.03, and the ⌬V EIT,infl,ref 30 -to-⌬V EIT,infl,ref 0 ratio calculated in all dogs except two was 1.02 Ϯ 0.10. In the remaining dogs, the ratios were very different (0.47 and Ϫ0.62, respectively), possibly because the dogs had been moved during the protocol and the electrode positions had shifted. This could have resulted in both a different electrode spacing and a change in the electrodetissue impedance, both of which can affect EIT images.
Inflation response to expiratory resistance. The inflation response to expiratory resistance was calculated Protocol is started after ventilation is stopped and dog is allowed to passively expire to FRC. Volume steps to 50, 500, and 900 ml above FRC are then introduced, after which dog is again allowed to expire to FRC. Note that ⌬V EIT does not show any overshoot after volume steps. Figure 8 shows ⌬V EIT,occl and ⌬V EIT,vent as functions of ⌬V Pao,occl . The average differences between the following quantities and ⌬V Pao,occl were calculated: ⌬V EIT,vent : 5.8 Ϯ 44 ml; ⌬V EIT,occl : 49.5 Ϯ 34 ml; ⌬V Pes,vent : Ϫ22.7 Ϯ 84 ml; and ⌬V Pes,occl : 46.0 Ϯ 65 ml. The average ⌬V Pao,occl for all dogs was 442.2 ml.
DISCUSSION
One of the goals of monitoring ventilated patients in ICU environments is to estimate the degree of DH and its progression over time in response to therapy and to changes in the ventilatory regime of the patient. Ideally, a monitoring technique would noninvasively provide a continuous reading of lung volume without requiring maneuvers that interfere with normal breathing and would not be cumbersome to the patient or for clinical staff. Additionally, it should provide information about regional inhomogeneities in the distribution of ventilation. Because EIT potentially fulfills these criteria, we have studied the precision with which EIT can measure DH in dogs. Changes in lung inflation due to applied PEEP and to external expiratory resistance were determined by EIT and compared with the values calculated from Pao and Pes.
Step changes in lung volume were shown to be measurable by EIT with a precision similar to that from Pao values, with the advantage that EIT did not show the overshoot response to volume steps characteristic of Pao measurement (Fig. 5) . EIT estimates of ⌬VL to applied PEEP were sufficiently close to Pao values to be within the 100-ml error value considered acceptable for spirometers by the American Thoracic Society (7) . One contribution to the difference in estimates was the sensitivity of EIT to lung PV hysteresis, which is not taken into account by measurements of airway pressure. ⌬V EIT,occl values after application of external expiratory resistance were close to Pao and Pes estimates.
Measurements of ⌬V EIT,vent were close to both ⌬V Pes,vent and ⌬V Pao,occl . In addition to measuring ⌬VL during ventilation with a precision comparable to that of occlusion pressure measurement, EIT was able to provide a cross-sectional image from which the regional inhomogeneities in the distribution of ventilation could be determined. EIT was also capable of accurately monitoring hyperinflation volume changes with respect to reference data sets acquired 30 min previously.
The EIT, Pao, and Pes values were calibrated with respect to known volume changes to calculate the change in volume above FRC from experimental values of these quantities. Additionally, the volume measurement errors for each parameter were calculated from the calibration data. The errors for ⌬V EIT and ⌬V Pao were similar, whereas the error for ⌬V Pes was approximately twice as large. Because these estimates assumed the syringe volume measurements to be accurate, they tended to overestimate the actual errors by an amount related to the inaccuracy in the syringe volume measurements. The shape of the ⌬V EIT curve as a function of time did not show any overshoot after the volume steps, as seen in the ⌬V Pao and ⌬V Pes curves. Pressure overshoots to volume steps are due to the flow across the airway resistance and to the stress relaxation in the lung tissue (6) . Because EIT is not sensitive to either phenomenon, it is able to directly track the lung volume.
The lung inflation response to applied PEEP was measured on both the inflation and deflation paths. The two Pao estimates, ⌬V Pao,defl and ⌬V Pao,infl , were very similar, whereas ⌬V EIT,defl was, on average, 6% higher than ⌬V EIT,infl . These results agree with the fact that hysteresis in the lung PV curve results in a higher volume at the same pressure with deflation from TLC than with inflation from FRC. According to the analysis of Bachofen et al. (4) , the average difference between inflation and deflation volume over a PV loop is 0.14 times the loop volume for several species, including dogs. This analysis would predict an average difference (⌬V EIT,defl Ϫ ⌬V EIT,infl ) of 58 ml (0.14 times the average ⌬V Pao ), which is reasonably close to the measured difference of 28 ml. ⌬V EIT was systematically larger than ⌬V Pao by 67.7 ml on the deflation path and by 95.8 ml on inflation. The higher EIT estimates may be due to the PV hysteresis, because calibration data were taken a maximum of 30 s after inflation to TLC, whereas experimental measurements were made 60-240 s after the last TLC inflation. Thus the lung may have had time to settle into a state similar to that of the inflation path of the PV curve, even for ⌬V EIT,defl estimates.
The inflation response to expiratory resistance was measured during ventilation and at airway occlusion, whereas Pao measurements are taken at airway occlusion. ⌬V EIT,occl was, on average, 50 ml higher than ⌬V Pao,occl , which is similar to the difference between EIT and Pao for applied PEEP on the deflation path. During ventilation, however, the EIT volume estimate was roughly equal to ⌬V Pao,occl . The volume estimates by use of Pes were similar to those by use of EIT: ⌬V Pes,occl was almost identical to ⌬V EIT,occl , whereas ⌬V Pes,vent was ϳ30 http://jap.physiology.org/ ml less than ⌬V EIT,vent . This indicates that EIT enables measurement of DH during ventilation without the need for an occlusion maneuver. Although DH measurement during ventilation by Pes was only slightly less accurate than EIT measurement, placement of esophageal balloons in patients is somewhat invasive and suffers from errors due to expiratory muscle activity and cardiogenic oscillations on the pressure signals (22) .
The SD of the difference between ⌬V EIT and ⌬V Pao for all measurements of volume increase to both applied PEEP and expiratory resistance was 68 ml. This is close to the sum of the individual volume measurement errors of EIT and Pao; this suggests that additional sources of error during the experimental protocol compared with the calibration do not significantly increase the volume-measurement error.
EIT imaging with respect to a reference data set taken sometime previously is more representative of the proposed clinical applications of EIT, in which it would be important to follow changes in the ventilatory regime over periods of minutes to hours. Our results indicate that the EIT system used for these measurements is stable for periods of 30 min. In most animals, the reference data set taken 30 min previously was almost as good as that taken immediately after the measurement. However, in two animals, the previous reference was significantly different. This difference may be due to movement of the electrodes during the experimental protocol. Small movements of electrodes between data sets are known to introduce large artifacts into the conductivity change images (3, 5) . This experimental protocol, using subcutaneous needle electrodes, is prone to electrode movement whenever the animal is bumped or moved. Because of this sensitivity to electrode movement, in awake patients it will be important to use electrodes that are as mechanically stable as possible.
The conductivity change images produced by EIT, while of low resolution compared with standard medical imaging modalities, clearly show useful anatomic information. The images separate the two lung regions and also indicate that the zone of maximum conductivity change occurs in the ventral portion of the images. This contrasts with our previous results (1), in which dogs were ventilated while in a prone position. In that study, the average CG in the AP dimension was Ϫ2.3 Ϯ 7% and was 0.6 Ϯ 2% in the lateral dimension, for a ⌬VL of 700 ml, in contrast to an average AP dimension CG of 29.7% in this study. Thus the maximum conductivity change due to ventilation was significantly more ventral in dogs ventilated while supine than in those ventilated while prone. Additionally, the image regions corresponding to the two lungs tended to merge and were less easily distinguishable in the prone dogs. Although the dependent portion of the lungs receives a greater portion of the volume in spontaneously breathing individuals (14) , the reverse is the case for paralyzed and mechanically ventilated normal subjects (12) . Thus our results, showing movement of the maximum conductivity change region into the upper portion of the lungs, agree with the expected change for ventilated subjects. The movement of the maximum conductivity change region to the dependent portion of the lung for spontaneously breathing normal subjects has also been shown in a recent study of the gravity dependance of EIT images (11) . EIT was also clearly able to detect the blockage of one lung, by showing a conductivity change only on one side of the thorax. The ability of EIT to detect unilateral ventilation also has been shown by Hahn et al. (13) in pigs, by Morice et al. (18) in patients with pneumothorax, and by Newell et al. (19) in dogs.
One limitation of this study is the comparison of EIT measurement to volume measurements calculated from Pao and Pes. Volume measurements based on pressure are subject to various errors and cannot be considered a ''gold standard'' against which the precision of EIT can be compared. One such problem is that pressure-based volume measurement is insensitive to PV hysteresis. However, by calibrating the measurement errors of the techniques used, it was possible to determine the significance of the differences between the estimates. Additionally, DH measurement made by using the occlusion technique is relatively well understood. For example, Rossi et al. (20) compared the intrinsic PEEP at end expiration obtained from airway occlusion to the Pao at the onset of inspiratory flow in patients with DH. From their data, we calculate that the Pao measurement error for occlusion is 0.080 kPa. This is very similar to the measurement error for ⌬V Pao in this study, divided by the average compliance, 0.062 kPa. Another limitation is that our EIT system only takes measurements in a single electrode plane and thus provides only a two-dimensional conductivity change image. Because much of the increase in lung volume in the dog occurs by descent of the diaphragm, it is encouraging that, with this configuration, we were still able to assess ⌬VL in terms of changes in thoracic cross section. Furthermore, it was possible to discriminate the regional differences in the cross-sectional plane imaged. To assess heterogeneity of ventilation within the lungs as a whole, a three-dimensional EIT system would be required. The technical feasibility of such a system has recently been shown by Metherall et al. (15) .
In summary, this study has shown that ⌬VL due to applied PEEP and expiratory resistance can be measured by EIT in dogs with an accuracy acceptable for monitoring in an ICU environment. The results suggest that EIT offers several advantages for the monitoring of DH. In addition to its precision being comparable or better than that of airway occlusion-or Pes-based techniques, EIT is not affected by flow-resistance and stress-relaxation effects. Significantly, EIT is able to noninvasively and continuously monitor the lung volume over periods of at least 30 min without interfering with normal breathing or being cumbersome to the patient or staff. EIT images also provide useful information about the distribution of ventilation. Thus EIT shows promise as a technique for routine monitoring of ICU patients, which could measure the progression of the level of DH in response to therapy or to changes in a patient's ventilatory regime.
